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Abstract

A high temperature, high power molybdenum-
lithlum heat pipe has been fabricated and tested
at 1500 K for 1700 hours with radiant heat rejec-
tion. Power throughput du)’lng the test was ap-
proxlmately14 kW, corresponding to an axial flux
density of 11 kW/cm2 for the 1.59 cm. dfama er
heat pipe. Radial flux densfty was 70 M/cm i
over an evaporator length of 40.0 cm. Condenser
length was approximately 150 cm. with radiant
heat rejectfon from the condenser to a coaxial
water cooled radiation calorimeter. A plasma
sprayed, high emissfvfty coating was used on the
condenser surface to tncrease the radiant heat
rejectton during the tests. The heat pipe was
operated for 514 hours at steady state conditions
before befng damag~d during a planned shutdown
for test equipment maintenance. The damape was
repafred and the tnftial 1000 hour test period
completed wfthout further incident, After phys{-
cal examination of the heat pipe at 1000 hours
the test was resumed and the heat pfpe operated
et the same conditions for an additional 700
hours before conclusion of this test phase.

lntroductlon

High power, h{gh temperature heat pipes have
been proposed for use In space power systems
where reliability of operation is of prfme lmpor-
tonce. Demonstration of the operation of such
heat pipes over periods of thousands of hours un-
der realistic test conditions has yet to be ac-
compl fshed. Lffe test heat pipes have been oper-
ated for periods of $reater than 20,000 hours at
telfiporatures of 1500 K to 1700 K1 but without
high power throughput, Thf! complexity of testfng
at combined hfgh temperature and ower has dis-

!couraged lfft test{ng prototyptca hardware.
Tests have been conducted for perfods of hundreds
of hours nt axial power denstty levels in ●xcess

4of 10 kU/cm2wfth condenser coupl ng controlled
by means of gas-gap calorimeters, , however
●ven for tiles? shorter durat(on tests Inherently
lowemissivi~ of the refractor materials used

{for tht? heat pfpe envelope has imtted radi~nt
heat rejection. This mode of condenser h~at re-
Jectioo{s of interest becausc +t {s themo~of
choice fn many space power applications,
systems pmployiog thermoplcctrtc energy conv?rsfon
tlw use of radfat{on coupling provfdes a prbctfcal
nlternattve to htgh ternpcroturc ?Iectrlcal insu-
lation at the energy fnput side of the thermo-
●lectric elements, Prior test progrsm develop-
ments at Los A~amos have d~monstrated the
feasibility of using plasma sprayed z{rconlum

dlboride coatings on molybdenum heat pfpes cs a
method of attaining surfac?? emissivitfes gre~ter
than 0.6.3 This allows the achievement of power
throughput levels of 12 to 15 kli with total heat
pipe lengths of about 2 m. The present invasti-
gation was planned to provide a demonstratiorl of
an operation of the high temperature heat p!pes
at high radial and axial heat flux with radiation
loading of the condenser.

Method of A$preach

A2.Om long, annular wick heat pipe capable
of transporting an axial flux of greater than 10
kU/cm2 was designed and fabricated for use in
an extended test program at a nominal operating
temperature of 1500 K. The design employed
molybdenum alloys for screen wick mi.ttrials and
~;i~he tube shell, with lithium as the working

The condenser re ion of th(: heat pipe was
7coate~ to increase the c fective hemispherical

e!rdssivity of the surface. Use of the high amls-
sivity coating gave a predicted test throughput
for the heat pipe of14 kliat 1500 Kwith ladia-
tion coupling to an ambient temperature calarima-
ter. A test period of 1000 hours at this oper@-
ting condition was the design goal for the pro-
gram.

Test Hardware. .

The 2m long heat Pip?was fabricated from
1,59 cm outside diameter low carbon arc castmo-
lybdenum tubfng havfng a wall thickn?ss of 0.89
m, End closures were machined from bar stock of
the same material. Across section of th( heat
pipe is given in Fig, ?.

The scree~ wick was fabricated froma single
piece of 400ms’sh p)nfn square wehve wire cloth
woven from 0.025 mm dtwneter molybdenum -41S rhe-
nium wire. ln fabrlca+ing the wick the screen
was wrapped on a low carbon steel tube mandrel to
form a structutw 6.751ayars thick. A serieso(
spot weld along the ltadi~~g and trailing edges of
the wrap were used to hold them in place during
forming and proce$~ing, A sheath, also of low
carbon steel, was fitted OVP* th~ screen l&yets
and the assembly drawn through a siring di~ to
compress the layers. Tne reductfon in screen
cross section was approximately 20t. Ttt* steel
mandrel and sheath were then removed by dissolu-
tion with hydrochloric acid to leave a clean cy-
lindrical wick, The wick W?S further tr~ttatdby
vacuum firing at 158S K for 6 hours In ord~r to
sinter the screen layers Into a monolithic struc-
ture and to remove my volitile contaminants.

1
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Fig. 1. Cross section of

Surface tension Measurements of the comDleted
wick indiceted an effective pore dfmneter of le

!
t an49 microns and a pemwabllfty of 2.5x 10- !!
m , wlthl~ the re~ufred deslan tolerance. The
fluld annulus, uh~ch extended the length of the
heat pipe, was formed between the container tube
inside dlmneter and the slightly smaller tubular
wick. This annulus was Intended to serve as an
artery for fluid return from the condenser to the
evaporator during operatian. A molybdenum plug
was used to close the screen wick tube at the
evaporator ●nd. This plug closure ●nsured that
the annulus pumping capability was ●stabl ished by
the effective pore size of the screen wick rather
than by the annulus dlmenstons. The wick outside
diameter of 13mm establ ’thed a maxfmum dfmension
for the annulus of 0.86msn when assembled fn the
14 mm Insfde diameter container tube, The cross
section 1 flow area of the resulting annulus was

!o.1911vll . Vapor flow area for the heat pipe
based o the screen ulck tube inside diameter was

!126nrn,

The evaporator end of the screen wick was
sealed with a molybdenum plug using a vacuum braze
jc’ntmadewfth preplaced zlrconiumwtre braze
material. Two turns of 0.381 mm diameter zir-
conium wire were pressed into the wick, Surface
tension measurements of sample braze closures mre
used to establlsh the integrity of the braze plug
closure process. It was found that at braz- Ing
temp~rature the capillary forces tn the wick would
move the zlrconfum braze material away from the
jofnt Interface unless an Interference ftt of
0.051 nsnwasmelntalned between the plug and the
bore of the screen dck tube, Brazing was accom-
plished by RF lnductlon heatin the joint in a

!quartz envelope that allowed v sual observation of
the braze material, In making the joint the RF
power was slowly lncreas~d until the braze was
observed to flow. The power and ‘.cmperature were
then fnrnedfately reduced and the Joint brou ht to

?ambfpnt temperature over a period of approa mete-
ly ane-half hour.

Hafnium and zirconium disks were placed ln-
slde each end of the h~at pipe to serve as get-
ters for carbon, nftrogen and other trace contam-
inants during the operatfon.

CONDENSER

●xtended operation test heat pipe.

Closure of the heat pfpe envelope was accan-
pllshed by electron beam weldlnq a fillT;:u ,;;-
sembly In place after wick insertion. I
plug assembly consisted of the tube closure pre-
assembled to a fill tube of 6.35 manmolybdenum
tubing with a niobium braze trans!tlon to stain-
less steel for fill system attachment. After
completion of the weld The syst m was leak

5check(:t with a 9 x 10-11 aUn cm /see leak de-
tector. No leaks were disclosed, Prier to ffll-
Ing the heat pipe assembly was further checked by
radiographic examlnatton with no evidence of
flaws. Following this examination the heat pipe
uas processed for increased emfsslvlty of the
outer surface over all but the evaporator re-
gion. This was ,!ccompllshed by bead blastlng the
outer surface of the LCAC molybdenum tube and
then DC plasma arc spra !ng zlrconfum diborlde on
the surface. [Film thic ness of the coating was
approximately 0.08 mm w+th a coating d~nsity of
about 852 of theoretical. An argon carrier gas
was used for the plasma spray process,

Distillation and Pre::est Processlnq

The dfsiillation apparatus used to char e the
fheat pfpe with lithium is shown $chematical y in

Fig, 2. The stainless steel dictlllatfon pot
contained multiple layers of 100 msh stainless
screen wrapped next to the Inside wrface to pro-
vide an f,xtended area of surface for llthfum
evaporation. lnoperatton the dfstillatlan pot
was RF induction heated at a level just abova the
surface of the Iiqufd metal Pool. Transfer of
fluid ta the evaporation surface was accanplished
by capfllary action through these screen Iwers.
Carryover of masses of liquid through slugglng or
extremely active boiling was thereby eliminated,
Hafnium and zirconium getter materials were used
to purify the llthium during the distillation
process, The getter mater~als were positioned fn
the apparatus so as to be completely invnprsed fn
the lfquid lithtum pool durtng distillation. The
ffll volume chamber was attached to the loadi,lg
pot by a stainless steel tube that extended
through the lfquid paol. This tube provfded a
means to evacuate the heat pipe during the de-
gassfng procedure prior to distillation and
served as a path for the lfthium vapor during the
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Fig. 2. Lithium dtstlll ation fill asserlbly.

fill process. A secondary transfer tube extended
from the fill volume chamber to the heat pipe. A
whter cooled chill block mounted on this tube was
used as a valve during the filling operation.
This freeze valve was used to prevent molten
llthium from draining out of the chamber during
d~$tillation, Both the ffll tube and the loading
Fot were sized to provide a volume of llthturn
suffi~fent to ffll the wick structure of the heat
pfpe and to provide the desired pool len~th of
surplus ltthlum wfthfn the heat pfpe, The hett
PIPC internal volume was connected to a vacuum
pumping system through the distillation ltnes.
This vacuum system was used for de assing the

?heat pfpe tnterfor durfrlg the pre- fll vacuum
bakeout and also f~r degasslng the lfthlum work-
tn fluid char e durfn warm-up, initial ltthtusr

! ! ! Thevacuurnlfne~#sme ting, and d stlllat on,
kept open during the distillatfo,l by a tempera-
ture controlled llquld trap in t+e nUWIIJlfne,
Lithium vapor In the vacuum pump line lWAS con-
densed in this water cooled trap and returned to
the distillation Dot by capillary action through
the screer~ wfck ltner. This open tys!l,m design
allcwed for the monitoring and remova’ of n3n-
com!ensfble ases evolved durtng the ~lstilla-
tion. 1’A res dual gas parttal pressure analyser

attached to the vacuum pump line was used to sson-
ftor the off gases throughout the distillation
process. During the vacuum bakeout and distilla-
tion process the heat pipe exterior was protected
from oxidation by the surrounding quartz enve-
1 ope. The envelope was connected to a second
pumping system and maintained under vacuum
throughout the processing to prevent oxidation of
the heat pipe exterior and possfble contamination
of the heat pipe with hydrogen due to disassocia-
tion of moisture on the heated surface. Heat
pipe degassing and fllllng was conducted with the
heat pipe oriented vertically. The entire heat
pipewds first brought to a tem erature of 1500 K
using a full length RF coil. Tle rate of warn-up
was controlled to mafntaln the pressure In the
fnterior and exterior vacuum systems below 10-4
torr throughout the process.

The fill llnes, loading pot and distillation
pot were subsequently heated at a controlled rate
to maintain the same vacuum levels. The loading
and distillation pots were held at 105O K until
the inner system vacuum levels reached 1o-6
torr. The loading pot was then cooled to 500 K,
the lower fill line and heat pipe cooled to 300K
and the lower chill activated. The distillation
pot temperature was then increased to 1150 K and
*he purified lithium vapor condensed Into the
loading pot. The volume from the chilled heat
sink to the top of the transfer tube bras filled
with lithium to completp the distillation. The
distillation pot was cooled to 600 K and the heat
$Ink removed. The heat plpc. transfer tube, and
loading chamber were then hea*.ed to S00 K allow-
ing the lithium to transfer Into the heat pipe
under ccmbined pressure differential and gravity
head. The system was then cooled and the heat
pipe and distlllatton apparatus positloneo in 8
horizontal orientation. For wet-in the heat pipe
was heated wfth a full length RF coil to 1100 K
and maintained at thts temperature overnight.
The wet-in operation served to distribute the
lfthium charge unifonrly :.hroughout the heat pfpe
and to ensure unlfonn wetting of all surfaces.

For Inftial performance verification the full
length COII was replaced with a 30 cm long
Cotl . Length of the excess li!uld pool at the
condenser end of the heot pipe was detmnined at
the same time. The heat pipe wa: then opurated
off horizontal, that is wfth a g!avlty head, for
an add;tlonal period to ensure wet-in. The
distillation apparatus was then removed and the
fill lfne capped. Operation of the heat pipe
prior to fill line separation was such as to
ensure the presence of a frozen plug of lithium
fn the f~ll tube. After capping, a chill block
(watercooled) was posfttoned on the fill line
and clamped in place. This heat sink was m&ln-
tained below 350 K in subsequent heat pipe opera-
tion. Final processln of the heat pipe prior t’)

7coating irr’olved posit oning Q 30 cm coil at th
evaporator end of the heat pfpe and operbting !n
a vertical orientation with adverse gravity
head. (The evaporator at the top), A tempera-
ture of 1500 K was raached in operatton With a
corresponding heat throughput of approximately 4
kkl due to thermal radfatfon loadtn

1“
Following

this performance Ver{f~CatfOn the eat Pl[)e was
installed in the radittion calorimeter and in-
strumented for the extended operation trst.
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Test Operation

Powsr Input to the heat pipe during the ●x-
tended operdtfon test was provided by RF induc-
tion at approximately 400 khz, and a tiater cooled
coaxial calorimeter served as the heat sink for
radiation from the condenser as jndicated in
Fig. 3. Power throughout was determined frcm wa-
ter flow and temperature change measurements at
the calorimeter, Heat pipe temperature was mea-
sured by tungsten-rhenium thermocouples welded to
the heat pipe In the evaporator exit area. The
test was conducted In a vacuum chamber maintained
at a pressure level of 1o-6 torr throughout the
test.

After filling andwet-in of the heat pipe It
was installed fn the test chamber and operated at
1400 K fo, 6 hours for operational verification.
The test was then shutdown over a weekend. The
followfng Monday the heat pfpewas brought to the
extended operation test condition by Increa:in
the RF power to the evaporator over a period o i
hours. Am axial temperature profile of the con-
d~nser region of the heat pipe was taken by op-
ttcal pyrometry as a measure of start-of-test
performance. The measured temperature varlatfon
over the length of the Zfrconfum-diboride coated
region of the heat pipe was 8 K. The effective
spectral ●misslvity of thr coating at the detec-
tion wavelength of tht optical pyrometer was de-
termined by comparison of the measured tempera-
ture Wfth known values for cleaned molybdenum.
The comparative measurements were taken adjacent
to ●ach other at a locatlon or! the heat pip~ near
the evaporator exft. Once the design temperature
of 1500 K h~d been achieved the heat pfpe was op-
erated at constant power fnput, Steady state op-
●ration was continued for a eriod of 614 hoursRwith no apparent change in t e heat pipe opera-
ting characteristics, At 514 hours the test op-
*ration was shut down for planned maintenance of
the RF heating system. In the process of raduc-
Ing tho power and temperature of the heat plpd a
dry-out of the heat pipe evaporator occurred,
Restart attempts led to repeated evaporator dry
outa.

The heat pipe was maintained overntght at
1075 k fn an attempt to rewet the drfed out re-
gion of the evaporator without success, The n~at
pipe was removed from the test chamber for )1-ray

and neutron radiography to detemlne th~ condi-
tion of the wick structure and the dispo::tion of
the lithium In the annulus. The radiography
showed transfer of lithium to the condenstr end
of the heat pipe ieavlng the annulus ●mpty i? the
evaporator region. The X-r~s indfcated damage
to the wfck structure in the evaporator. To ef-
fect a repair the evaporator end of the heat pipe
was opened, the screen tube shortened by 10 cm,
and the evaporator end of the screen wick re-
sealed with a brazed plug, The annular screen
wick was reinserted intg the shortened container
tube, new getter discs of hafnium and zlrcontum
emplaced outside of the screen wick end plug and
a tube end closure electron beam welded In place
to reseal the heat pipe. The repaired heat pipe
was refilled with lithlum, wet-in by operation at
low power inmultffo!l radiation shields and re-
installed In the test chamber.

The test was restarted and the heat. PI e op-
Icrated continuously for an additional 500 ours

at 1500 K and 14 kbl to complete the originally
planned 1000 hour demonstration. At the conclu-
sion of 1014 hours of operatfon of the heat, pipe
the optical axial temperature profile of the con-
denser region was repeated to evaluate than e In
the heat pipe operating che~acterlst~cs or !n the
zirconfum-dlboride optical properties. Based on
the relative spectral emissivfty value determined
at the beginnfng of test no change was detected.
At the c~mpletion of the test period the heat
pipe was removed from the t?st chamber for a re-
peat of X-r4y and neutrun ~ddlogra;hy and for
general phYSical Inspection. NO evfdence of fur-
ther damage to the heat pipe structure was dis-
covered In these examtratfons. However a void in
the lfthfum fill of the annulus was observed in
the evaporator region of the heat pipe.

The heat pfpe was then rewet at 675 K for 5
hours fn a vacuum furnace, reinstalled In the
test chamber, bro!ght to the desi n operating

!condition and operated fur an add tional 744 hours
at 1500 K and 14 kki. At this t{me the test was
Interrupted by an unplanned transimt fn the data
recording syst%n which trfggered an interlock
shutdowu of the RF generatop. The heat pipe was
allowed to cool, removed from the chamber and
rewet in a vacuum furnace for 5 hours at 676 K. ‘
ltwas then reinstalled fn the test chamber and
brought to 1210 K and a power level of about



4.0 kU before the operation was Interrupted by a
vacuum tnterlock shutdown. Attempts to restart
the heat pipe were unsuccessful. The heat pipe
was then removed from the test chamber, and sub-
jected to neutron radiography and X-ray examina-
tic~. The radiographs again showed a llthlum
void in the evaporator annulus, however, the wick
did not Yppear to be damaged. A decision was
made at this point to discontinue the extended
operatfor test and Investigate the dry out condl-
tfons.4

~terpretation of Test Results

Prior to the $tart of the 1000 hour test the
heat ptpe was operated at 1400 K with the radia-
tion calorimeter In the test chamber, shutdown,
and restarred without Incident. The Intlal dry-
out occurred under power and near the sonic llmlt
while reducing the heat pipe temperature after
514 hours of full power operation. This suggests
that some deterioration of the Wck structure
leadlng to an increased capillary pore radius may
have occurred in the first 500 hours of opera-
tion. lf the wfck effective pore size was un-
chdnged at about 50 in the heat pipe would not
have been e~pected to dry out due to evaporator
subcoolfng. Amy change in wick characteristics
prior to the 500 hour dry-out would have had to
be minor, however, the heat pipe continued to
operate at full power and temperature, indicating
an effective pore size of ~120 to 150 un.
The gross damage observed in disassembly at 514
hours must have occurred after normal operation
haJ been Interrupted.

Pendfng further Investigation it IS assumed
that the cause of the restart problem at 514
hours was the formation of voids In the evapora-
tor region of the annulus with local de-wetting
of the heat pipe w!ck during flu~d solidifica-
tion. This is assumed to bc caused by direction-
al solidtficatfonof the heat pipe working fluid
and Is perhaps aggravated by an increase In the
effective pore Sfze of the heat pipe wick over
the operating period. The dry out observed dur-
ing shutdown under powr may have been similarly
caused by a change in ths wick structure In the
prior 514 hours of full power operation. At this
point there is no evidence that operational in-
terruption of the heat pfpt’occurs at the sonfc
limit oofnt if the shut down 1s conducted by
shutting off the input power.

Concluslon$——.._ _

The zfrconfum dfboride coating showed no
signs of degradation durin the }000 hour test,

iOptical properties appeare constant and the

coating to substrate adhesion integrity was main-
tained throughout both the experiment and the re-
processing of the heat pipe. Although the hemi-
spherical emisslvlty of the coating is lower than
that desfred for use in prOtOtyptcal radfatlon
coupled systems its durability and ease of applt-
catfon warrant lts use In high temperature radia-
tion coupled heat pipe ●xperiments. It Is signi-
ficant that the test heat pipe operated with no
●violenceof degradation for more than 1

P
hours

with an axial power density of 11 kU/c at a
temperature of 1500 K but was severely damaged by
a brief period of operation at a lcwr tempera-
ture with a de-wetted evaporator region. Analy-
sis indicates that molybdenum and rhenium oxides
cannot be formed In the presence of llquld llth-
Ium, ●ven with oxygen levels to Li20. However,
In the de-wetted region of the ●vaporator, wfth
no liquld lithimm present, it might be possible
to oxidize the screen wick material with subse-
quent reduction of the oxides by liquid llthlum
headfng to the eroded wick structure seen In
these experiments. Local dryout of this sort
would be more probable In an RF Induction heated
heat pfpe such as was used In these experiments
than in one employing a temperature dependent
heat source, However, for lithium heat pipes it
is apparent that de-wetted evaporator conditions
must be avoided If long operating life Is to be
achieved.
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